Abstract Without visual feedback, humans perceive tilt when experiencing a sustained linear acceleration. This tilt illusion is commonly referred to as the somatogravic illusion. Although the physiological basis of the illusion seems to be well understood, the dynamic behavior is still subject to discussion. In this study, the dynamic behavior of the illusion was measured experimentally for three motion profiles with different frequency content. Subjects were exposed to pure centripetal accelerations in the lateral direction and were asked to indicate their tilt percept by means of a joystick. Variable-radius centrifugation during constant angular rotation was used to generate these motion profiles. Two self-motion perception models were fitted to the experimental data and were used to obtain the time constant of the somatogravic illusion. Results showed that the time constant of the somatogravic illusion was on the order of two seconds, in contrast to the higher time constant found in fixed-radius centrifugation studies. Furthermore, the time constant was significantly affected by the frequency content of the motion profiles. Motion profiles with higher frequency content revealed shorter time constants which cannot be explained by self-motion perception models that assume a fixed time constant. Therefore, these models need to be improved with a mechanism that deals with this variable time constant. Apart from the fundamental importance, these results also have practical consequences for the simulation of sustained accelerations in motion simulators.
Introduction
Humans perceive body tilt due to the angular motion being signaled by the semicircular-canals afferents and due to the change of gravity being signaled by the otolith afferents (Guedry 1974; Bos and Bles 2002; Merfeld et al. 2005b; Wright and Glasauer 2006) . However, it has also been shown that perception of whole body tilt can result solely from sustained linear accelerations (Guedry 1974; Mayne 1974; Seidman et al. 1998; Clément et al. 2001; Merfeld et al. 2001; Bos and Bles 2002; Holly et al. 2008 ). This illusion is commonly referred to as the somatogravic illusion and originates in the otolith organs of the inner ear because of its incapacity to distinguish between linear acceleration due to self-motion and gravity. In aviation, this illusion has caused fatal accidents. For example, during a catapult launch from an aircraft carrier in poor visual conditions, fighter pilots may misperceive the horizontal take-off acceleration as pitching upward. The tendency to compensate for this pitch-up sensation has caused pilots to crash planes into the ocean (Cohen et al. 1973; Cohen 1976 Cohen , 1977 . Researchers have shown that the dynamic behavior of this pitch-up sensation may be approximated by a firstorder low-pass filter (Mayne 1974; Seidman et al. 1998; Bos and Bles 2002) . Although the physiological basis of the somatogravic illusion seems to be well understood, the main time constant of the illusion (i.e., the time it takes for the tilt percept to reach 63.2 % of its steady stable value) is still subject of discussion (Holly et al. 2008) .
The past studies found a time constant for the somatogravic illusion both on the order of seconds and tens of seconds. This discrepancy between time constants might be explained by the different methods used to generate sustained linear accelerations. Studies using fixed-radius centrifugation generally give time constants of tens of seconds (Clark and Graybiel 1966; Curthoys 1996; Merfeld et al, 2001; Clément et al. 2002) . Based on experimental (Merfeld et al. 2001; Bos and Bles 2002) and theoretical (Bos and Bles 2002) arguments, these long time constants have been ascribed to canal stimulation at centrifuge motion onset. These arguments are further substantiated by the fact that lower time constants (on the order of seconds) were also found in studies using a linear sled to generate linear oscillatory accelerations without centrifugation (Glasauer, 1995; de Graaf et al. 1996; Merfeld et al. 2005a) . To avoid extreme long sled lengths, required to induce sufficient long lasting accelerations (and controlled decelerations thereafter), variable-radius centrifugation has been used to generate sustained linear accelerations without stimulation of the semicircular-canals. Here, subjects are rotated on-center up to a constant angular velocity. Due to the high-frequency dynamics of the semicircular-canals, the rotation sensation fades out after tens of seconds of rotating at constant velocity (Guedry 1974) . Then, the subject is translated along the radius to an eccentric position, while maintaining constant angular velocity. This generates a centripetal acceleration in the lateral direction without parasitical stimulation of the semicircular-canals. In these studies too, time constants on the order of seconds were found (Seidman et al. 1998; Merfeld et al. 2001 ). An effect of stimulus frequency on these time constants has, however, never been studied.
In this study, we investigated the time constant of the somatogravic illusion for sustained linear accelerations with onsets characterized by different frequency content. To achieve this, the Desdemona research simulator (Bles and Groen 2009 ) was used as a variable-radius centrifuge to prevent stimulation of the semicircular-canals. To obtain the time constant, the experimental data were fitted to two self-motion perception models. We used a simple motion perception model where we expect to find an effect of the frequency on the time constant and a model with improved high-frequency dynamics where we expect the extra dynamics to handle this frequency effect.
Methods

Subjects
A total of six subjects (three male; mean age 25 years, SD = 4) participated in this experiment. All subjects were paid a standard fee and gave their informed consent after general instructions. The institutional Ethical Committee approved all experimental conditions in the study. Subjects were informed about their rights according to the Declaration of Helsinki on ethical principles for medical research involving human subjects. The subjects reported no history of vestibular dysfunction.
Motion platform
The study was conducted at the Desdemona research simulator (Fig. 1) . The simulator has six degrees of freedom (DoF) that allow centrifuge-based motion simulation (Bles and Groen 2009) . The simulator cabin is mounted in a three DoF gimbaled system that permits full rotations in pitch, yaw and roll. The gimbaled system itself is mounted on an eight-meter linear track, which is capable of rotating around its central Earth-vertical yaw axis to produce planetary motion. Using the gimbal system, the subjects' naso-occipital axis was perpendicular to the linear sled which generated centripetal acceleration along the subjects' lateral axis. This induced a sensation of lateral selftilt (roll).
Motion profiles
All motion profiles used in this study had a theoretical centripetal acceleration of 4.1 m/s 2 in the lateral direction causing a (roll) tilt of 22.5 degrees of the specific force away from the gravity vector. To generate such profiles, the centrifuge rotated at a constant angular velocity of angular acceleration, the centripetal acceleration was zero because the simulator cabin was at the center of rotation. The centripetal acceleration was generated only after the subject reported no perception of yaw rotation, which generally happened well within 60 s. To generate the centripetal acceleration, a raised-cosine velocity profile moved the simulator cabin 2.15 m outward. This motion profile guaranteed a smooth movement of the simulator actuator over the radius. Equation (1) describes the cabin movement along the centrifuge arm, where d is the final distance of the simulator cabin along the centrifuge arm, t start is the time at which the simulator cabin starts to move, and f r is the frequency, in Hz, of the raised-cosine leading up to the steady-state acceleration. Using three different frequencies for f r , we generated three different motion profiles. The frequency values were 0.05, 0.1, and 0.2 Hz.
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The generated centripetal acceleration is given by Eq. (2), where a c is the centripetal acceleration, x is the angular velocity of the centrifuge arm and R is the distance, as given by Eq. (1).
Apart from the lateral centripetal acceleration and gravity, a Coriolis acceleration is at issue, acting on the naso-occipital axis of the subject. Together, all linear accelerations compose the gravito-inertial acceleration, or specific force. Equation (3) shows the specific force (f), where f x is the specific force acting on the subjects nasooccipital axis, f y is the specific force acting on the subjects lateral axis, f z is the specific force acting on the subjects' vertical axis and g is the magnitude of the gravitational acceleration (9.81 m/s 2 ). Figure 2 shows the time histories of the specific force components for the three different motion profiles.
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Joystick
For measuring the roll-tilt illusion, we used a custom-made joystick which is not affected by any linear acceleration (i.e., gravity neutral) due to its symmetrical design. A schematic of the joystick is shown in Fig. 3 . This joystick was fixed to the subject's seat. Subjects were asked to indicate their perceived roll-tilt by rotating the rod in the same direction as their perception. Therefore, for a roll-tilt to the right, subjects had to move the rod also to the right (to measure perceived tilt) instead of moving it to the left to keep it aligned with their subjective vertical (Wright and Glasauer 2006) . Joystick rotation was physically limited to rightward rotations from upright onwards. A button next to the gravity neutral joystick allowed subjects to indicate when they were ready to proceed to the next experimental trial.
Experimental design
Each subject perceived the roll-tilt illusion seven times for each of the three different motion profiles. This leads to a total of 21 experimental trials for each of the six subjects. The order in which subjects performed the experimental conditions and its repetitions was randomized. Although the experiment consisted of two additional conditions including vision, in this paper, we only describe the experimental conditions without a visual stimulus.
Procedure and subjects' instructions Subjects were seated in the simulator cabin and secured by a five-point safety belt. Subjects were instructed not to move their head during the experiment. A headrest provided head support. These measures were intended to minimize the ''cross-coupling'' effect that occurs when the subjects' head rotates during a constant angular-velocity environment (Holly 2004) . Subjects wore a headset on which white noise was presented to mask actuator sound. The headset also allowed for communication between the subject and the experimenter. All experimental trials were performed with eyes closed in a dark cabin. The experimental trials started by rotating the centrifuge arm until a constant angular velocity was reached. During this rotation, the simulator cabin remained in the center of the centrifuge arm. Subjects communicated to the experimenter when the perception of yaw rotation had disappeared. With an additional delay of 6 s, subjects then initiated the lateral motion by pressing the knob next to the joystick. The start of the cabin movement was signaled to subjects by a 1.5 s sound cue via the headset. While the cabin was moving outward, subjects constantly indicated their roll-tilt perception by keeping the rod aligned with the perceived roll angle. Subjects communicated to the experimenter when a steady tilt illusion was obtained. After a verbal signal from the experimenter, subjects pressed the knob again and the cabin returned to the center position. During this period, subjects moved the joystick back to zero tilt. When the simulator cabin was back at the center position, 6 s passed before automatically proceeding to the next experimental trial. This procedure was repeated until all the 21 experimental trials were completed.
Data analysis
The Mayne equation
The input of the otoliths is the three-dimensional specific force (f), as defined in Eq. 4 where ã is the acceleration vector due to motion and g is the acceleration vector due to gravity.
From Eq. (4), it follows that the otoliths alone cannot discriminate between accelerations due to self-motion and accelerations due to gravity. However, the central nervous system (CNS) seems to be able to estimate both components (Mayne 1974; Bos and Bles 2002) , otherwise humans would perceive acceleration due to gravity as linear movement which induce a constant percept of moving upwards. Mathematical models have been proposed to explain how the CNS may distinguish between the two different accelerations. An elegant and simple model was proposed by Mayne (1974) . Although the original equation was described for two dimensions, Bos and Bles (2002) turned these to one 3D coupled equation. This equation is described by Eq. (5), where f oto is the specific force signal given by the otolith afferents, x scc is the angular-velocity signal given by the semicircular-canal afferents, s is the time constant of low-pass filter operating on the otolith afferents, andg is the estimation of the acceleration due to gravity as taken by the CNS.
Equation (5) takes the combined outputs from the otolith organs and semicircular-canals to produce an estimate of acceleration due to gravity (g) and the estimation of acceleration due to motion (ã ¼ f oto Àg). Bos and Bles (2002) showed that the Mayne equation could predict a large number of motion/orientation illusions, in particular the somatogravic illusion. Fig. 3 Schematic of the joystick used to measure the roll-tilt illusion. The rod had a diameter of 1.5 cm and a length of 13.5 cm. Both the rod and the knob were operated using the right hand Since our method of inducing the somatogravic illusion did not involve stimulation of the semicircular-canals, Eq. (5) can be simplified into Eq. (6). Equation (6) is equivalent to a first-order low-pass filter with a time constant equal to s.
We tested two different otolith transfer functions in this study; one is commonly used in literature (Merfeld et al. 1993; Bos and Bles 2002) and is defined by a unit gain, whereas the other has dynamics as described by Hosman (1996) . Therefore, we calculated the time constant of the somatogravic illusion based on Eqs. (7) and (8), where Eq. (7) uses the unit gain otolith model and Eq. (8) uses the otolith model described by Hosman (1996) .
In terms of model fit, the otolith model described by Hosman should have a better fit since the extra dynamics could allow the fitting algorithm to predict any highfrequency dynamics shown in the measured signal. However, these extra dynamics given by the otolith model were fixed to values suggested by the literature and could not be adjusted by the fitting procedure. Therefore, the fitting procedure used the same number of parameters for both models.
Processing of joystick data
The joystick raw data were sampled at 25 Hz. A secondorder low-pass filter with a cut-off frequency of 4 Hz was used to filter the joystick-sampled data. The filter 4 Hz cutoff frequency was well above the important frequencies of the motion profiles. We used a zero-phase forward and reverse digital filtering technique to ensure no phase distortion of the filtered responses. The data of each run were trimmed between the button press to start the cabin movement and the button press that brought the cabin back to the center of the simulator's planetary arm. Therefore, the higher frequency conditions had fewer data points, due to a faster movement in time, than the lower frequency conditions. The predicted response of Eqs. (7) and (8) is in gravity components and therefore, not comparable with the roll angle measured by the joystick. Thus, Eq. (9) transforms the gravity components to the roll angle predicted to be perceived by humans. In Eq. (9),g y andg z are the estimated acceleration due to gravity in the lateral and vertical direction, respectively; and K is the perceived magnitude.
A least squares minimization procedure was used to estimate the two parameters of interest, the time constant and the perceived magnitude. The algorithm calculates the value of the parameters that yield the smallest error between the predicted response and the measured data. A fit was obtained for all experimental trials, which led to a total of 21 model fits. For each fit, we used the Variance Accounted For (VAF) to evaluate the quality of the fit. The VAF is given by Eq. (10), where u is the recorded data, u is the mean of the recorded data and u m is the model data. A VAF of 100 % means that the measured data and the data generated by the mathematical model are equal.
Results Figure 4 shows the mean joystick responses and their standard deviation, combined over six subjects. The graphs show that the perceived tilt lags in relation to the true tilt of the specific force vector. After a few seconds, the roll response reaches its steady-state value, close to the true tilt. Figure 5 shows that the overall VAF values for the fits were high (above 95 %), meaning that both models were able to accurately describe the measured data. An ANCOVA showed no significant differences between the VAFs obtained for the two models. The different frequencies also had no effect on the VAF. The mean VAF was 98.01 %. Figure 5 also shows the mean of the estimated parameters (gain and time constant) across subjects for the two tested otolith models. The results show that the time constants obtained for both models are on the order of seconds. An ANCOVA showed a main effect both of the frequency (F = 16.29, p = 0.000) and otolith model (F = 15.93, p = 0.000) on the time constant value. The average values for the unit gain otolith model were 2.04, 1.75, and 1.30 s for the 0.05, 0.1, and 0.2 Hz frequencies, respectively. For the model with otolith dynamics, the average time constants were 2.60, 2.36, and 1.90 s for the conditions with 0.05, 0.1, and 0.2 Hz, respectively.
The ANCOVA showed no effects of the otolith model and frequency on the perceived amplitude gain. Figure 5(c) shows that the amplitude gain was around one for all conditions. 
Discussion
In this study, we investigated the time constant of the somatogravic illusion without confounding by semicircularcanal stimulation. This was achieved by pre-rotating the cabin on the centrifuge axis to constant angular velocity, and subsequently moving the cabin to an eccentric position. We found a time constant on the order of seconds, rather than tens of seconds, as often found in studies using fixed-radius centrifugation (e.g., Graybiel and Brown 1951; Clark and Graybiel 1966; Young and Meiry 1968; Guedry 1974; Curthoys 1996; Merfeld et al. 2001; Clément et al. 2002) . In fact, Merfeld et al. (2001) showed this experimentally in a study where fixed-radius centrifugation was compared with variable-radius centrifugation for the same subjects. The sensation of tilt changed more rapidly in the experimental conditions using variable-radius centrifugation, which showed that the semicircular-canals influenced the time constant of the somatogravic illusion during fixed-radius centrifugation. In that study, the observed time constant was between 15 and 28 s (depending on the subject orientation in the centrifuge cabin) for the fixed-radius condition.
Although the authors showed that the ''sensation of tilt changed substantially more rapidly'' for the variable-radius condition, a value for this time constant was not reported. The influence of the semicircular-canals in the time constant of the somatogravic illusion during fixed-radius centrifugation was also shown with a theoretical model by Bos and Bles (2002) . Using the Mayne equation, they showed that the somatogravic illusion would take longer if the centripetal acceleration was generated while the yaw canals were still signaling angular motion (like in fixed-radius centrifugation). Therefore, our results support the hypothesis that the angular acceleration inherent to fixed-radius centrifugation may interfere with the pure otolith-induced somatogravic illusion, as suggested in other studies (Seidman et al. 1998; Merfeld et al. 2001; Bos and Bles 2002) . The estimated time constant of the somatogravic illusion in this experiment was around 2 s. This value is comparable with what was found in other studies in the literature (Bos and Bles 2002; Merfeld et al. 2005a; Park et al. 2006) . In Bos and Bles (2002) , the time constant of Eq. (5) ranged between 1 and 2.8 s. This value is similar to what was found in our study despite the use of different techniques to generate linear acceleration. Merfeld et al. (2005a) also used variable-radius centrifugation and a linear sled to obtain the perceived roll-tilt for different sinusoidal profiles. Here, 7 different sinusoidal profiles with a fixed amplitude and frequency ranging from 0.005 to 0.7 Hz were used to generate pure tilt motion and pure linear motion. The motions were used to fit two self-motion perception models. The linear motion data were fitted to a low-pass filter with a time constant of 2.3 s. Although the motion profiles used in Merfeld et al. (2005a) were sinusoidal, the time constant he found is similar to the one we found with sustained linear accelerations. Seidman et al. (1998) measured a time constant of 7 s using variableradius centrifugation. However, their motion profile was along a different direction, with a different amplitude and frequency. The human ability to detect linear motion was found to depend on the direction of motion (Zaichik et al. 1999; Heerspink et al. 2005) ; therefore, it is reasonable to consider an effect of the degree of freedom on the time constant of the somatogravic illusion. In all studies referred before, researchers found a single time constant for the somatogravic illusion. However, our study found that this time constant varied with the frequency content of the motion profiles. Implications of this result on current self-motion perception models are shown in the next subsection.
The Mayne equation
The main time constant of the somatogravic illusion was obtained by fitting the Mayne equation (Mayne 1974; Bos and Bles 2002) to the measured experimental data. We considered two different otolith dynamics when fitting the data: the simplified unit gain dynamics used in some studies (Merfeld et al. 1993; Bos and Bles 2002 ) and the dynamic model fitted by Hosman (Hosman 1996) . For the three different measured frequencies, the mean VAF of the fitted Mayne equations were above 95 %. This means that the models used were able to predict on average more than 95 % of the subjects responses.
When considering the otolith physiology, it is reasonable to consider an otolith model with dynamics (Hosman 1996) . The extra dynamics of this model are used to model high-frequency behavior found in humans and animals (Fernandez and Goldberg 1976; Benson et al. 1986; Hosman 1996; Grant and Haycock 2008; Soyka et al. 2011) . In this study, we introduced this model to observe if the frequency dependency of the time constant could be explained by the extra dynamics. However, results showed the same frequency dependency in both models. Although the time constants from the two models have different values, the characteristics of Eqs. (7) and (8) These results show that the models used are not yet able to completely describe the somatogravic illusion. The models would describe the roll-tilt illusion if the time constants were equal for the different tested frequencies. However, it seems that the time constant decreases for motion profiles with higher frequency content. Therefore, it is necessary to include a mechanism to update the time-constant value. The data used in this study are not enough to estimate this mechanism since only six subjects participated in the study, the amplitude was fixed for all motion profiles, and the tested frequencies were low. The frequency range should be more than one decade to better understand the model structure in the frequency domain. In the authors' opinion, one option to account for this dependency could be to assume an internal model (Merfeld et al. 1993; Bos and Bles 2002) or a Kalman filter operating in the central nervous system. Then the Kalman gain may be frequency dependent so as to optimize the tilttranslation disambiguation. However, this frequency dependent mechanism is not described yet in current selfmotion perception models (Seidman et al. 1998; Merfeld et al. 2005a, b; Vingerhoets et al. 2006; Holly et al. 2008; Clemens et al. 2011 ).
Practical consequences
The modeling of the somatogravic illusion is crucial for the simulation field where linear accelerations have to be scaled down and are of limited duration due to the physical limitations of motion simulators. Currently, techniques like tilt coordination (Reid and Nahon 1985) use the gravity vector to simulate the total specific force vector. In this technique, researchers tilt the simulator cabin to match the direction of the gravity vector with the direction of the total specific force vector. A rate limiter is used to ensure that the cabin rotations are not perceived by the pilot. However, this rate limiter may create delays perceived by the pilot, which may compromise the simulation realism. Instead of trying to create an unperceived rotation, the technique we propose assumes that humans perceive tilt when subject to linear acceleration and tries to use that knowledge to induce the same tilt perception by tilting the simulator platform without the use of any rate limiter. Therefore, improvements in this self-motion perception model, like including an internal model to deal with the frequency dependency, would directly lead to improvements in motion simulation.
Conclusion
In this study, we used variable-radius centrifugation to study the time constant of the somatogravic illusion. Our results showed that this time constant is on the order of two seconds for lateral accelerations. This result seems congruent with other studies where linear acceleration was isolated from angular motion. Although the Mayne equation accurately fitted the measured data, it cannot explain the frequency dependency of the time constant. Introducing high-frequency dynamics in the model neither improved the model fit nor explained the frequency dependency. Therefore, this model needs to be augmented with a mechanism to deal with the frequency dependency of the time constant. Implementing an internal model in the Mayne equation could be a solution to deal with this frequency dependency. With this study, we conclude that the time constant of the somatogravic illusion is on the order of seconds and is dependent on the motion profile frequency content. This study not only improved the fundamental knowledge regarding the somatogravic illusion, but also suggested improvements to the self-motion perception models which ultimately will improve applications using these models, like motion cueing research.
